A real-time PCR assay for the leukotoxin gene of Bibersteinia trehalosi was developed and validated to better identify this pathogen, which is a cause of respiratory disease in bighorn sheep. The specificity of the PCR primers was evaluated with DNA from 59 known isolates of the Pasteurellaceae family. For validation, 162 field samples were compared using both the new assay and an indirect method using 2 sets of published protocols. The real-time PCR assay was found to be specific for the leukotoxin gene of B. trehalosi and provides a rapid and direct approach for detecting leukotoxin-producing forms of this organism from samples containing mixed species of leukotoxin-positive Pasteurellaceae.
The decline of bighorn sheep (Ovis canadensis) populations in North America has prompted intensive study of the bacterial pathogens known to cause respiratory disease in this species. Difficulty in detecting and differentiating pathogenic from nonpathogenic bacteria remains a significant limitation to understanding this polymicrobial disease complex. 1 Leukotoxin is the primary virulence factor of Mannheimia haemolytica and Bibersteinia trehalosi. 2, 3 Over 85% of B. trehalosi isolates obtained from bighorn sheep do not produce leukotoxin and are considered normal flora of the respiratory tract. 12, 13 However, leukotoxin-producing B. trehalosi has been documented as a significant cause of respiratory disease in bighorn sheep. 6, 14, 15 Beta-hemolysis on blood agar is associated with the presence of the leukotoxin gene, but is not conclusive. 5 There are several published primer sets to detect the leukotoxin gene in Pasteurella species, 4, 5, 7, 11 although none is specific for B. trehalosi leukotoxin. An indirect PCR approach for detection of leukotoxigenic B. trehalosi has been developed using 2 published primer sets: one to detect the leukotoxin gene of both Mannheimia spp. and Bibersteinia spp. (lktA9 and lktA7; Table 1) , 4 and a second primer set specific to the leukotoxin gene of the Mannheimia genus (lktA set-1; Table 1) . 11 Using these 2 PCR assays in conjunction can indirectly identify the leukotoxin of B. trehalosi (lktA9-7 positive/ lktA set-1 negative). However, if both primer sets amplify a product, it is not possible to rule out the presence of Bibersteinia leukotoxin in a sample of mixed bacterial species. A PCR assay specific for the leukotoxin gene of B. trehalosi is necessary for faster and more accurate identification of this pathogen. reaction volume of 25 µL contained 12.5 µL of iTaq universal probes supermix (Bio-Rad, Hercules, CA), 75 nM of each primer, 75 nM of probe, and 10 ng of genomic DNA. Genomic DNA was quantified (NanoDrop 2000 spectrophotometer, NanoDrop products, Wilmington, DE). A CFX96 Touch real-time PCR detection system and CFX Manager software (Bio-Rad) were used to perform each assay. Cycling conditions consisted of initial denaturation at 95°C for 2 min, and 40 cycles of 95°C for 10 s, 58.7°C for 30 s. The assay has a run time of 1 h and 1 min and, as used in our study, has the capacity for 96 samples to be tested on a plate at an average cost of US$3.50 per sample. Quantification cycles (Cqs) for each sample were determined using a single threshold line automatically as defined by the software. Placement of the threshold line was above baseline fluorescence and in the log-linear portion of the amplification curve.
A reference standard curve was constructed using purified leukotoxin-positive B. trehalosi (ATCC 29703) DNA to determine the efficiency and detection limit of the assay. The amount of genomic DNA in a stock solution was calculated based on the size of the B. trehalosi genome being 2.34 × 10 6 bp 8 and the average molar mass per base pair being 650 (g/mol)/bp. A 10-fold dilution series of DNA from 2 × 10 6 to 2 × 10 −1 genome copies per reaction was prepared, and 6 replicates of each concentration were tested to plot a standard curve. The efficiency was calculated to be 92.5%, and the limit of detection, in which all 6 replicates had a positive amplification curve, was 20 copies of the genome with a Cq mean of 38.96 (SD 0.395) at that level. This is a late Cq, and false-positives could potentially occur when testing mixed bacterial samples. A Cq >35 should be considered as suspect or indeterminate and retested as needed to determine clinical relevance. A Cq of 35 was used as a cutoff for all specificity and validation testing.
The specificity of the PCR primers was evaluated using DNA from 59 known isolates that consisted of M. haemolytica (n = 8), M. glucosida (n = 18), Mannheimia ruminalis (n = 8), and B. trehalosi (n = 25) previously characterized by BOX-PCR 10 and 16S rRNA sequencing (n = 33) 9 or by 16S rRNA PCR and subsequent amplicon sequencing (n = 26). Each species included one or more strains from the NCBI nucleotide database PopSet 459931240. To confirm amplification of B. trehalosi leukotoxin by the LKTBt1 primers, PCR amplicons were sequenced (Genewiz, South Plainfield, NJ) from 3 positive isolates. NCBI BLAST was used to compare product and target gene sequences, and each product shared ≥98% homology. Fourteen of 25 known B. trehalosi isolates (based on 16S rRNA sequences) were positive for leukotoxin by PCR using both the direct BtLKT1 primer assay and the indirect method lktA9-7/lktA set-1 ( Table 2 ). The 34 known M. haemolytica, M. glucosida, and M. ruminalis isolates tested negative using BtLKT1 primers and positive using lktA9-7 and lktA set-1 primers (Table 2) . For validation of the direct PCR assay (LKTBt1 primers) as an improved method for detection of leukotoxigenic B. trehalosi, results from this assay were compared side by side with the indirect PCR assay (lktA9-7/lktA set-1 primers). Samples used for method comparison included bighorn sheep tonsillar swabs (n = 144) from wild and captive populations in Wyoming and tissue (lung, liver, or spleen; n = 21) from captive research sheep that had died of respiratory disease. 15 Tonsil swabs were inoculated on one quarter of a Columbia blood agar (CBA) plate with 5% sheep blood (Hardy Diagnostic, Santa Maria, CA). Tissues were aseptically removed from sterile Whirl-Pak bags (Nasco, Fort Atkinson, WI), cut to expose an interior area of tissue, and plated over half of a CBA plate. All plates were streaked for isolation and incubated at 37°C in 10% CO 2 . After 48 h, all bacterial growth on the plate was collected as a plate wash with a sterile polyester swab (Thermo Fisher Scientific, Waltham, MA), placed into 15-mL Falcon tubes (Corning, Corning, NY) filled with sterile phosphate-buffered saline (Becton Dickinson, Franklin Lakes, NJ), and vortexed to suspend bacteria. A 250-µL aliquot of this plate wash was pipetted into a PCR tube (Eppendorf, Hamburg, Germany) for DNA extraction. DNA was extracted (E.Z.N.A. tissue DNA kit, Omega Bio-Tek, Norcross, GA) using the manufacturer's cultured cells extraction protocol. Extracted DNA was tested using both direct and indirect protocols, and results were compared.
During the comparison study, 3 plate wash samples (2 autopsy tissues and 1 tonsillar swab) were negative with LKTBt1 and lktA set-1, but showed nonspecific banding and a faint band of ~3,000-bp DNA using lktA9-7 primers. For these samples, the ~3,000-bp band of the lktA9-7 PCR product was concentrated and purified (Purelink PCR purification kit, Life Technologies, Carlsbad, CA) for sequencing. However, no priming was achieved with either forward (lktA9) or reverse (lktA7) primers using multiple sequencing protocols. The traces obtained were between 590 bp and 765 bp and did not match any Pasteurellaceae leukotoxin or any known sequence of bacteria in GenBank. The faint and nonspecific banding in these samples may have been artifact of environmental contamination or DNA degradation that altered the specificity of the lktA9-7 primers. These samples were excluded.
Eighty-six of 162 plate wash samples were classified as positive (n = 39) or negative (n = 47) for the B. trehalosi leukotoxin gene by direct PCR and the indirect PCR assay ( Table 3) . Sequencing was done for PCR products from 5 paired samples. All of the sequenced products matched the leukotoxin gene of B. trehalosi (≥97% homology) using NCBI BLAST.
Seventy-six of 162 plate wash samples had inconclusive results for B. trehalosi leukotoxin using the indirect PCR method, with amplification by both primer sets indicating the presence of leukotoxigenic Mannheimia species. Using the direct PCR method, leukotoxin-positive B. trehalosi was detected in 33 of these 76 samples (Table 3) , demonstrating the utility of this assay as a direct approach to detect leukotoxigenic B. trehalosi from a sample containing mixed species of leukotoxin-positive Pasteurellaceae. This real-time PCR assay is specific for the leukotoxin gene of B. trehalosi and provides a streamlined molecular approach to detect pathogenic strains of the organism. Positive = lktA9-7 positive/lktA set-1 negative, an indirect way to determine the presence of Bibersteinia leukotoxin; negative = lktA9-7 negative/lktA set-1 negative; inconclusive = lktA9-7 positive/lktA set-1 positive, not possible to rule out the presence of Bibersteinia.
